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The Effects of Cold-rolling Strain on Microstructure and Formability of Al Bearing TRIP-aided Cold-rolled
Steel Sheets with Annealed Bainitic Lath Structure Matrix

Koh-ichi SUGIMOTO, Junji TSURUTA and Youichi MUKAI

Synopsis : The effects of cold-rolling strain on microstructure and formability of 0.2%C-0.5-1.5%Si—1.5%Mn-0.04—1.0%Al, in mass%, TRIP-aided
cold-rolled sheet steels with annealed bainitic lath structure matrix (TAB steels) were investigated. Cold rolling straining changed the matrix

structure after intercritical annealing from annealed bainitic lath structure to granular structure with a change of retained austenite morpholo-

gy, if the structure before cold-rolling was changed to bainitic lath structure. Both the largest elongation and the best stretch-flangeability

were achieved in 1.0% Al bearing TAB steel subjected to cold-rolling strain of 40%, followed by intercritical annealing and austempering.

This was caused by the increased retained austenite stability and the remained bainitic lath structure due to Al addition.

Key words : high-strength steel; TRIP-aided steel; microstructure; retained austenite; annealed bainite; tensile property; formability; stretch-flangeability;

cold rolling.
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2. EBAE

2.1 {EESH & BE
HEERHH D 1L 2K % Table 112§, HEEAHTI1213 0.2C-

1.5Si~1.5Mn (mass%) DL2ZHR & H 3 2 HAH (AH) &,

FEAHNZ Al % 0.5 £ 7213 1.0 mass% 7RI X 272 B#i, CHil%
W7z, 72720, Al& SiOREBMIE % —7E (1.5 mass%) &
L7,

Thermo-Calc 12 & 0 &5 U 72 3k o it 3 8 o - i IR fE
XY %#2ZIZ LT, YITD(a), (b), (c) DINEIZEZNLEE % fi L |
TAB §ifl % fEBL U 7= (Fig. 1)o

(a) HEZFEHL 7230mm/ED A T 7 % 1200°C 12 HI#L
e, AR 850°C & T ORI IR T 3 0] 0D E ] 4t %
i L, 550°C THEHD H22Hm O %L 72, T
32mmDEGEN % | 3.0mm F 721 1.8 mm X THiHIB, *Z
NZN20mmFE 72 12mm F CHBIFELEAZEL 72 (FiE
JEAERE 40%)

(b) HiFHMEAE XA F 4 P HHEMERKE 75729, 950~
1000°C D FEPH T 1200s D F — 2 57 F 4 b#:, 400°C T
1000s DA F 4 b AP A2 KGRIt Tl L 7z, 5] & i
&, R 2 mm A IS SR THEEE R=20~60% DAL i L
7o BIERDOMRFIZ08~1.6 mmOFH TH 5, &k, W
A 7 il X 75O IBA (R=0%) OWFIZ 1.2mm TH 5.

(c) MmfRIT, WEEMIC T,=820°C T1200s DA F L %
fiti U 7=#%, T,=460°C Tt,=200sD* — AT v/ — LB %
i U7z 460°C 7A@l $1 60 - ZRiE IS 3 2 0% &
UCERA L 72,

2.2 HABEER LKy HE

EUILEE 1% D FHRR O RER A O REEIX 5% 7 4 2 VBRI %
HWTHBI L7z, T4 ZLERBETIE, w7 v
A PDOXEDT 2 ZEIRINEETHZDT, v, DERHE
(f;) 1& Mo-Kar ¥4 & - THIE & 7172 (200),,, (211),,, (200),,,
(220),, 311), MHT & =2 ORRE K DAL 27, 7z,

Table 1. Chemical composition (mass%) of steels used.

steel C Si Mn P S Al N
A 020 150 150 0015 0.002 0.039 0.0010
B 021 100 150 0014 0002 049 0.0006
c 021 048 150 0014 0002 099 0.0005
(@ 1200°c 3¢ (b) (©
3600s 3ot
— "y N T,=950-1000°C
19 1200s T,=820°C, 1200s

4

) As
FDT:850°C 32

0 550°C, 800s At TA=460°C,
100°C/s 5020 400°C, 1000s ta=200s
t t
Ac. 1812 | it baths in salt baths § 0.Q.

2.0' »1.6'~0.8' (R=20-60%)

3.2 3.0 by grinding .
1.2' +1.2 (R=0%)

3.2' > 1.8' by grinding

Fig. 1. Hot- and cold-rolling process and heat treatment di-
agram.
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YD BRSRIRIE (C,, mass%)1d, Cu-Karifi= & - THIHE L 72
(200),, (220),, 311), & — &7 M 7 5 K & 7= 4% 7 & 8
a, (X107 nm) 2 XA A L TRD 72,

a,=3.5780+0.0330C, +0.00095Mn,,+0.0Si,+0.0056A1,
+00220N7 .................................................. ( 1 )

ZZT, Mny, Siy, AL, N, &y, D ZNZNOITLROE
H(mass%) CTHh 5, AMETIEHE L, ZhsDlEEED
Kb D ITRINEE AWz,
2.3 5I5REER & RIGFHER

GlRAAEB IS IZ NS I3B F A # v (F—v &
E50mmX Mg 12.5mmX JE X 1.2mm) ., skEEFEIZIE N — K &
A T Tt (AG-10TD) 2 i LU, 2R OME I3 2E58)
b7 v 2 RMOTHNE B (SG50-50) & i L 72, 71 2
ANy P, 1mm/min (O3 AMEE 3.33x107Ys) — &
L, BRE I 25°CcE Lz, £, 2O IEM &
IO AR A WE T 5 72012, R PEFESicod
A — T (KFG-10-120-C1-11) % Hifs L 7=,

WO 7 5 v DML, SFHE S Y F AW ETUETREE . 6
FENBTUATEMIZ L DFHI L 72,

l :(df_do)/dox OO soveevermereeenuerininiiiiiiiiaiainainnes ( 2 )
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ZZ7T, dyd3ZNTHYIWIK
b5,

ABRRISE A 50mmDIEHE 7 7 v 7 ikERR &2 Fu
2o ¥, WIHIRIEd, =476 mm D3 Y FIREAT V72,
INTHAEE L 25°C, T4k & 31X 10mm/min, 7V 7 7V 2
1310% & L7z, 72720, AR TR D IRIE»ZA1L
TH5DT, 27V)VT7 TV AET5~15%DHPHIZH 5, KIZ,
I8V FEAE17Amm, JEHIEFEAFEImm O R S F
VT, TURTIRER 217 - 72139, GRBRIRIE 12 25°C,
BRI Imm/min & L7z, WEROREBRICHEWTE, i
B2 9 7 74 P RIEHEM AL 2,

3. RERFER

3.1 M#kE y A

Fig. 2, 3122 2 AfM, CHil 12 R=0~60% D i ML
820°C TO Btz £ LALEE & 460°C T 1000s fREFFD A+ — 2 5
VoS —RUBR A fi U 7 & & O MM E RS, AT
R=20~30%IZFHENWTAHAEDXRA =T 4 v 7T xT74 T
AKAREDTRAET B4 (Fig. 200) D AT) , HHERP KX L &
B0, 207 ZMBOHIA RN TS5, & 5I1ImiER
NREL LD E (R=40~60% DHFPHTIE), XA =T 4 v
27274 b7 AMRRIEEA L, Wik 2T = 2 7 —Hli%
BB END, ZOHBE, Rpd=—FLRk»s7ay 2
RIZENL LTS, £/, R=60%DHAHTIE, 524
kKRS 5,
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Fig. 2. Scanning electron micrographs of steel A cold-
rolled to (a) R=0%, (b) R=20%, (c) R=30%, (d)
R=40%, (e) R=50% or 60%, followed by intercrit-
ical annealing and austempering. Region A in (b)
represents annealed bainitic ferrite lath structure.

Fig. 3. Scanning electron micrographs of steel C cold-
rolled to (a) R=0%, (b) R=20%, (c) R=30%, (d)
R=40%, (e) R=50% or 60%, followed by intercrit-
ical annealing and austempering. Regions A and B
in (d) represent annealed bainitic ferrite lath struc-
ture and granular structure, respectively.

—7, CHilTIZR=0~40% D THIKMNL ED T Z#
fik (Fig. 3(d)D AE) HIRATFT 5. R=50%, 60% DA T
&, BEaE L7 AR5, £/, CHlDE?2
R I A & D BB E 72 > T B2, R=60% Tt A
i &[RRI 28 2 AH DR L AR 6 B,

Bl Tl Al & CHlOD IR 2 MR L BN % 28, A
i & [FIREIS, R=40% Tld 7 ZHMRIZNE L T3, ki,
WTFROHITY, BV a4 BRI, 72, 6
2MHAERFER LR T 5 v AR LDV, 2 OMEREED
FEEF — 2T VS EBO G UL T Y A
FORBEETHBEHELONS,

Fig. 412 R=40% CTHILH, M FL et —2 7 /33—
PAREL 72 CHlO TEM4 &2 ((a), (b)1d % 1 Z N Fig.
(WD ATRE BERICHY T 2), TEMIS & D, WA Bt
FLARA =T 1927254 T ABERIZ=— F LRy,
MIEEL T3 (Fig. 4@@)e XA =T 4927274 7
ZMfEE AFL T B 2T = 2 T — MRS SO R 3 A
AL, MEHRETH 5 Z & 2bh» 5 (Fig. 4(b)).

Fig. 512 A~CHiD vy, D YIIRREE (1,,) 5 L O 2 DY)
IR FRIRIE (Coo) (2 KITTWIER (R) DB ETR Y, AfilE &
UBHlIZ 0T, y, DWIHHARIRIZR=30% TiR/hE %D,
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Fig. 4. Transmission electron micrographs of (a) bainitic
ferrite lath structure and (b) granular structure in
steel C subjected to annealing at 820°C and then
austempering at 460°C after cold-rolling to 40%
strain, in which o, and y, represent bainitic ferrite

and retained austenite, respectively.
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Fig. 5. Cold-rolling strain (R) dependences of (a) initial
volume fraction (f,,) and (b) initial carbon concen-
tration (C,,) of retained austenite in steels A (O), B
(®) and d (@). Stage I: lath-like, stage II: blocky.

R=40~60%ICB W THIMT 5, ZHhIZHLCHTIE
R=30% D HH Ty AREIIEIE -E L KD, C\ DT
RIRAFE G [ DR IERARATHE & IRk A i &2 7R 28, %
DRFIEE PR E 5 BRI R=40% 12T 5, £/,
CHNZ TN Ty, DRFRIE T ENMEAAFRD 5 5,
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Fig. 6. Typical flow curves of steels A and C subjected to

different cold-rolling strain.
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Fig. 7. Variations in (a) 0.2% offset proof stress or yield
stress (YS) and tensile strength (7S) and (b) yield
ratio (YS/TS) as a function of cold-rolling strain (R)
in steels A (O), B (@) and C (@).

3.2 SR

Fig. 612 Afii & CHOREN A5 1RE &R d . %
72, Fig. TIZHIERZ 2L X 8- DA, B, CHlD
0.2%IM 1 (FEERISTT; ¥S), BlakiE & (75), F&RILR) D
ZAL %R T, Fig TIORE B &1, WIhofiTesl
IR S AR ORI RIS % 2, 2 O3/
SV, 7, BRRISINIHERORINENE T L, R
M2, BERIGIZIER ORI ENE N 5,
AIRNIEDOMBIZOWTA S &, 5I9EM X 13 AURITE
OB (SIRIMEOWD) & & ITK T 55, BIRIEH
FHIZHIT 5, 2D, AIRMESRZWIEE | EIR
Wi 273, CHIDRRIRIB I OWMERRTFEIT A
HllZ R U TN WR A AT 5, AU EISHORER
RO 55, P ER RN,

Fig. 812 A~CHiD kUM (UED), AU (TED %6 & OV
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Fig. 8. Variations in (a) uniform elongation (UEI), (b) total
elongation (7El) and (c) combination of strength
and elongation balance (7SXTEI) as a function of
cold-rolling strain (R) in steels A (O), B (®) and C
(@).

J§ - PN T ¥ Z(TSXTED R § . — I, &'l
UGB - OIS Y ZIIHEIZ L DD T B A
R=20%LL ECIHIEIET—EIZH 50, BPOHEEN/NEL
K5, 272, ALRIMELAZWEIEE Zh 6 OFEEIZE
WEAHT 5,

3.3 HUI7ICUH

Fig. OISHIERIZPES N7 5 v D02k 2Ry, X
HOBAIITIRED 2V 75 2ThH 5, TIATEW)
BXUBE - 7 5 v OMINT Y Z(TSXA)IER=20%T
Wo lzAdR/Ne 5728, T FOWEETIZIINT 5
2, R=60%IZHWTHE, KTI2HMA%E2RT, R=
0~20%A&BrE, AL CHlOME - thr7 5 v VNS
VZRIRIEE L L, B#ICIHEVME AR,

Fig. 10 {244k & & AWl 7&K 1 g O SEM B E DA
T, AR, 2/ RHERMIC B W TIERIC 2R
DFRA RBRELTOB0, CHITIZRA N ORI
ENTWBZ EMnbArs, ZOMEANT, B ICH Tk
DEAFICHEN, AT AL RA FRZEFEL Tn
%,
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9. Variations in (a) hole-expanding ratio (A) and (b)

combination of strength and flange formability
(TSXA) as a function of cold-rolling strain (R) in
steels A (O), B (@) and C (@), in which numerals
in parentheses represent clearance between die and
punch. Stage I: decrease in lath structure fraction,
stage II: refining of microstructure, stage III: coars-
ening of second phase.

Punching direction
—

10. SEM images of punched surface layer (shear sec-
tion) of (a) steels A and (b) C annealed and then
austempered after cold-rolled to R=40%. Clear-
ance is 10%.
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4.1 HBTROAHZXL

AWFFD Afl & BHITIE, BiMREAE XA T4 - HAHAR
& L7k, R=20~40% Dk, 2/ AaE L, A — A7
VOSSR AT CHEL 72 ¥, RHHDONA =F 4 v 2
T4 I AN L& T =25 —~A F A Mk
IZZL U 72 (Fig. 2(b)~(d))o — 7, CHITIE, [FkkZALIR%
fi L7z & &, ML 7 A L BICHRTE S 5 2 & AR
& 117 (Fig. 3(b)~(d)).

—fRiZ, wILTVH 4 b T AR AEE T B8 A 2T
B ELLAZEE, (1)7 AMBOMIE - kEE (2)7 2
HRTOyOBAERPEI %, TiLD3IDDIIL—T D5
5, MEANDITL—TZ(2) 218 T 57280, binE
L 7 Z R AR 5,

(I  Fe-C, Fe-C-Mo, Fe-C—Cr
(II) Fe-C-Mn, Fe—C—Ni, Fe-C—Cu
(Ill) Fe—C-Si, Fe—C—Al, Fe-C—Co

HIEOTARENETEZ L2k, ZOVFAT L
X —2EE & D 2 sE A £ LIIC ERED (1) & (2)
ORI It h b L PRI NS AKif%E T,
Fig. 2, 3O X ICHIEOTAERMU 2 Tk L T X
MO ARRERERAD L2 HELD , MIEOT A (1)D T
ZAAEOME - R E X VDRETZLELTINTH A
9. HIRREERE R LD, R=0~30%TiZ (1) & (2) D) =
PEEHIT 5 25, R=50~60% D HHLO T A &5 L =54
T () BEBICE D ZENTRREINS, ThbOME
{LDOREAIX % Fig 11128,

EZAT, CHITIHIEA DN I U THMEIZ K > ThE
% E L7 2R kA 9 2 dmndss < Bla, mEEE 40%
TEBEnE LT 2N L BITHERAT L 72 (Fig. 3(d)). A
HOWGE, SiHARNEIT ~ETHBDT, LSRRI
Wik Lo 2AMfkERGFIE2 (2)DyoAEKRAED
SE3) HEE L TRAIDHRAESi LD KENT & %R
%45,

Fig. 5@ 2B\ T, WIhoHlicks T v AR
R=30% B\ THvNE D, ZHDL EOWERTIE y, ik

(cold-rolling) (Intercritical annealing)

Fig. 11. Illustration of structure change on cold rolling and
annealing. (a) before cold-rolling, (b) after cold-
rolling, (c) after intercritical annealing (small cold
rolling strain), (d) after intercritical annealing
(large cold rolling strain). GB: prior austenite
grain boundary, P: Packet boundary, ¢,: bainite
lath structure, o, granular structure, y: retained
austenite phase.
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FRIZWIZREIN L 72 (CHD A, R=40~60% CTIXIT i &
Botn)e iz, v M ORIRRE DI/ E 7 % i ERIE
R=40%I2F N2 H, y AR & bk 2 it R 2 7R

L 7z (Fig. 5(b)). Fig. 3& 1D, R=0~30%DHPH TiE, A
& BH#ADO RHEMGE T I EOBEL E LA T4 7 ZM
TRALFAET B2, R=50~60%DFPH T, (ZIFEENY
5= 27 —MRRIZEL L7z, L2 T, ey
BBy, BE F LAA A HERISRIG S A IR 12 5
77 =27 =SS T AR INIER T Z 258,
Fig. 5(a) & (b) DM 2L CZFINE 5T b Z L P
TE5%, L2L, SERHEHMBEOZES, R=30~40%IC
BTy AHEELRFREERNETE2DH, 12O T
BB TIRATH B,

Fig. 5(b) 125 W\ T, CHiliZ AS, BHNIZIIR L Ty, ARk
RIFET LR, v KRFEREIZE < & -7, Sugimoto 59
BXUSIFLN IS, ALRINE T, H0E % E R E M~
T hPERE, pORRBREZED 2V, LErdo>T,
1.0 mass% D AL AS CH D & y iRk RIE DRI & & 2
bhd, CHlCBWTT 2RISR > 72=— F LRy, 2%
Mozl Ly DIRFBEREBIML 2R KD —>&E 4
5hd, i, CHIORINR y AR IL 2 O RFEHR
EREL Lol EICHRLTWS,

4.2 ZREEDSEEKEN

Fig. 71286\ T, A& BEIOBEIRIG I A LR O B
WZPE S TRIBIZIRAD L7228, CHilTIEZ DA B A X <
Bz, AEiTI, ZORRERRFZHOME, S EERT
%

— R, BERELYALT U YA MM AREE T3
TAM il iZZTE WA IR IRSE I 4 42 U o), KifF9E0
TABHIZH W\ &, BIEA i & AV TIRWTFhoB A & H
Tk 25 FEARF-HEEB 23 BI L 7= (Fig. 6) AEZ Jiti U 7280 T & [AlAk
BREARTHE B E S 5 25, A, BHITIZR=20%LL LD
LA ICRREHEROZE IR I A KIEIZAK T Lz, — T, C
8T 1E R=50% LA _E T[RRI BRSO ZE 6 1 2K
T LA, R=20~40% DA IZ B W TIRIRES BT 3
L DDEWIE O T IZ7E0 6k » 5 7= (Fig. 6). T
A, Afl & B#I CHINZZFERIE IO KIE K T %, 2T
OGO KIELEKTEBEL TWE Z Ehbhrb,

HHEA L 72 & 2D Af & BEIOAEDO K13 s 5 = o
7 =PI T e o 2 ROBE 2 EL (Fig. 2), #5248
HUZiEd — 2 7 VS =R O WA IZ A 2 B & < L
T VYA FBRHGFL T2, dual-phaseflil’V O k512, Z
DED BT /¥4 MIIERER I OE RAH I (5%
FEfRAE T &8, MREGHIZEERONERIR &4 C ¢ 5,
SIEREEOMIIZ 5T, ZO5RNERIE 1S BRZEEIG
h#EEK T3 e, dhiEkesdrses, Lk
NoT, *A—=2F7 VS—EZEOHHINIZEST v ILT v
YA LA E BEOZEBOEIS K P& 2728
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Bk, VLT VYA b EEOWESE 2SI LR
IZBW TR E F2HOZIBREIE IR U TA T 2 K
NS N2 E < $50T, BOOTAMLE4T, R
MICEWEIRRE 2872563,

4 -3 (BUDSERKFN

Fig. 812HW1 T, RGO —HRPD, SHUNIER=20% TK
TEHAKT U, Zh L EOWmERTIXFIE €2, D UKT
FAERARL, 72, CHMARERZTWHOERL .,
[l C AL D TAM il % F > 72 Sugimoto 5 D WF4E12
FHUE, WIEE S R OBHA DU 1.0% AR A iR
LENTW, #5613, ZOENMTEHMY 4T X
Mk & sy, RBIREDE N y,) »oET I RE K
TRIPZFIRISERE T 2 L ME L T3, ATABHIZHWT
& Ak Ml L Oy FER R 5 T3 DT, Sugimo-
to 53D TAM il & [l bk 2 FEFH T C i 23K &= 2o — BRI O & 4
MOAERLIZEEZONS,

ZDXIBEZFIHAL, WEERETZ LI12 &> T
DU MODFRINL, y RERELRRREDIK T EE A
TEXNWTHAS, Al BHID R=60% DA, v M
RLRFBRE LT 21280 0b o, ZOMOGTER
DBAICHE L TEMIME T Lz, ThoDRE, —kk
HEFE»OLEAEERL WA LT EVD T,
R=60% D4, H2MHOM KL EEHOENNEL L,
MRMIZEMOERD G2 ELEN 5,

4.4 BT T2 IHOSERKEMS

Fig. 9i2kW\WT, WFhoflTteshmor sy vtz
R=20% TIN50, Zh EOWERTIEZA LEIL
2o ZDO&D BMOT 5 Y OO EEFELAZNE L Fig. 5(a)
Dy AREEOWRIERKATYE L FARIT 5, Fig 121073 K9
12, BE - WO T T Y OMNT VR Ly RS O
OMHB%RT, ThbdDHEFEL Fig 2, 3OMMEN 2 F &
T5Z L2k, Fig 9OMY T T v DD W EERRATE
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- (b)
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Fig. 12. Relationships between strength—stretch flangeabil-
ity balance (7SX 1) and (a) volume fraction (f,,)
and (b) carbon concentration (C,,) of retained
austenite in steels A (O), B (@) and C (@) cold-
rolled to R=0-60%. *: R=0%.
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